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ABSTRACT

The coupled role of solution ionic strength (IS), hydrodynamic force, and pore structure on
the transport and retention of viable Cryptosporidium parvum oocyst was investigated via
batch, packed-bed column, and micromodel systems. The experiments were conducted
over a wide range of IS (0.1-100 mM), at two Darcy velocities (0.2 and 0.5 cm/min), and in
two sands (median diameters of 275 and 710 um). Overall, the results suggested that oocyst
retention was a complex process that was very sensitive to the solution IS, the Darcy
velocity, and the grain size. Increasing IS led to enhanced retention of oocysts in the
column, which is qualitatively consistent with predictions of Derjaguin-Landau-Verwey-
Overbeek theory. Conversely, increasing velocity and grain size resulted in less retention of
oocysts in the column due to the difference in the fluid drag force and the rates of mass
transfer from the liquid to the solid phase and from high to low velocity regions. Oocyst
retention was controlled by a combined role of low velocity regions, weak attractive
interactions, and/or steric repulsion. The contribution of each mechanism highly depen-
ded on the solution IS. In particular, micromodel observations indicated that enhanced
oocyst retention occurred in low velocity regions near grain-grain contacts under highly
unfavorable conditions (IS = 0.1 mM). Oocyst retention was also found to be influenced by
weak attractive interactions (induced by the secondary energy minimum, surface rough-
ness, and/or nanoscale chemical heterogeneity) when the IS = 1 mM. Reversible retention
of oocysts to the sand in batch and column studies under favorable attachment conditions
(IS = 100 mM) was attributed to steric repulsion between the oocysts and the sand surface
due to the presence of oocyst surface macromolecules. Comparison of experimental
observations and theoretical predictions from classic filtration theory further supported
the presence of this weak interaction due to steric repulsion.

Published by Elsevier Ltd.

1. Introduction

with a compromised immune system (Centers for Disease
Controland Prevention, 1997). C. parvumis considered to be one

Cryptosporidium parvum (C. parvum) is a fecal borne protozoan
parasite that can cause gastrointestinal illness in humans,
cattle, and wildlife (Bitton, 2005). A common waterborne
disease caused by C. parvum is known to be cryptosporidiosis,
which can resultin serious diarrhea and can be fatal for people
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of the most problematic waterborne pathogens in developed
countries because it is resistant to all practical levels of chlo-
rination, surviving for 24 h at 1000 mg/L of free chlorine (Brush
et al.,, 1998; Darnault et al., 2004) and it has a relatively small
infectious dose (as few as 10 oocysts) in comparison to other
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pathogens (Bitton, 2005). Hence, much attention has been paid
by water utilities to efficiently remove this pathogen during
drinking water purification and in filtration units (e.g., river-
bank filtration, deep-bed filtration, and slow sand filtration)
(Timms et al., 1995; Huck et al., 2002; Tufenkji et al., 2002). In
order to maximize the removal efficiency of oocysts from
source water, the fundamental mechanisms controlling the
transport and retention behavior of C. parvum oocysts in
porous media need to be well understood. Several obstacles
exist to achieving this goal, including: the diversity of oocysts’
species, difficulty in quantification, and toxicity to humans.

Considerable research has investigated mechanisms of
oocysts deposition onto and interaction with solid surfaces in
radial stagnation point flow (RSPF) systems (e.g., Kuznar and Eli-
melech, 2004, 2005, 2006; Liu et al., 2009), packed-bed columns
(e.g.,, Harter et al., 2000; Hsu et al., 2001; Tufenkji et al., 2004;
Bradford and Bettahar, 2005; Tufenkji and Elimelech, 2005b; Cortis
et al.,, 2006), and with atomic force microscopy (e.g., Considine
et al., 2001; Byrd and Walz, 2007). Factors that have been found to
contribute to oocyst deposition and interaction mechanisms
include: solution chemistry (i.e., ionic strength (IS), ion valence,
and pH), velocity, and grain size/shape. Most studies reported that
physicochemical interactions dominantly controlled oocyst
deposition (e.g., Harter et al., 2000; Hsu et al., 2001; Tufenkji et al.,
2004; Tufenkji and Elimelech, 2005b). However, recent studies
have also emphasized the importance of low velocity regions on
oocyst retention in a packed-bed column (Tufenkji et al., 2004;
Bradford and Bettahar, 2005). This implies that studies investi-
gating the coupled role of these factors (e.g., IS, velocity, grain size,
pore size distribution, etc.) on oocyst deposition in porous media
arerequired to better understand removal mechanisms of oocysts
in porous media, but currently relevant studies are scarce. Several
studies have reported the importance of this coupled role on the
deposition of colloids and bacteria to solid surfaces (Bradford
et al.,, 2007; Torkzaban et al., 2007, 2008). For example, experi-
mental and theoretical results indicated that particle retention
was very sensitive to hydrodynamic force, especially when the
particles were weakly associated with solid surfaces (i.e.,
secondary energy minimum interaction). Since the size of oocysts
is relatively large (ca. 4-6 um) compared to other bacterial/viral
pathogens (< 2 pm), it is expected that the oocysts may experi-
ence an even greater impact from hydrodynamic force (Torkza-
ban et al., 2007).

Many studies have recently demonstrated that classic
colloid filtration theory (CFT) (Yao et al.,, 1971) is often inac-
curate for describing (bio)colloid transport under unfavorable
(Bradford et al., 2002; Hahn and O’Melia, 2004; Li et al., 2006;
Tufenkji and Elimelech, 2005a, b) and favorable (Cortis et al.,
2006; Torkzaban et al., 2008; Haznedaroglu et al., 2009; Kim
et al, 2009a) conditions predicted by classic Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory (Derjarguin and
Landau, 1941; Verwey and Overbeek, 1948). Note that below
the terms “unfavorable” and “favorable” are based on the
DLVO prediction. Under unfavorable conditions deviations
from CFT predictions have been attributed to lack of consid-
eration of pore structure and surface roughness, fluid drag
forces, colloid—colloid interactions, secondary minimum
interaction, and/or chemical heterogeneity. Under favorable
conditions deviations may also occur due to steric repulsion
induced by macromolecules on the surface of microbes.

Oocysts are also thought to possess glycoproteins in the inside
and outside of their wall (Harris and Petry, 1999). Close
inspection of the literature reveals the presence of weak,
reversible interactions for oocysts under conditions that DLVO
theory predicts as chemically favorable and that should result
in irreversible oocyst deposition (Cortis et al., 2006; Kuznar
and Elimelech, 2006; Liu et al., 2009). For instance, studies
conducted by Kuznar and Elimelech (2006) and Liu et al. (2009)
clearly demonstrated that the presence of macromolecules on
oocyst surfaces hindered the deposition of oocysts to a quartz
surface in RSPF studies. Cortis et al. (2006) observed significant
oocyst breakthrough and the gradual release of oocysts from
columns as a function of time even under chemically favor-
able conditions (i.e., IS = 100 mM). In addition, they observed
a significant decrease in oocyst removal efficiency with IS
when IS >3mM. This observation indicates that steric
repulsion may be an important mechanism in oocyst reten-
tion as suggested by the recent review (Tufenkji et al., 2006).
However, no systematic column studies have yet been
reported using Cryptosporidium oocysts from this point of view.

This study was designed to investigate the coupled role of
IS and hydrodynamic force (Darcy velocity and grain size) on
the fate and transport of Cryptosporidium parvum oocysts in
saturated porous media. For this purpose, a range of solution
IS (0.1-100 mM), Darcy velocities (0.2 and 0.5 cm/min), and
sand grain sizes (median diameter of 275 and 710 pm) were
applied in transport experiments. Findings from this study
demonstrated the importance of low velocity regions and pore
structure in oocyst retention under unfavorable conditions,
and reversible oocyst retention by steric repulsion under
favorable conditions.

2. Materials and methods

2.1. Cryptosporidium parvum oocyst selection and
solution chemistry

Viable oocysts were obtained from the Sterling Parasitology
Laboratory at the University of Arizona (Lot# 80922). Infor-
mation regarding oocyst isolation and purification can be
found elsewhere (http://www.microvet.arizona.edu/research/
crypto/cryptoresearch). The oocyst batch was stored in an
Antibiotic/Saline/0.01% Tween 20 solution (in the dark at 4 °C).
Before use, oocysts were centrifuged twice at 13,400 x g for
2 min initially with deionized water (DI) (5415D, Eppendorf,
Brinkmann Instrument, Westbury, NY), followed by the
selected electrolyte. Prior to transport experiments, oocysts
were diluted to the desired concentration (2 x 10° oocysts/mL)
in the solution chemistry of interest. Sodium chloride, NaCl
(Certified A.C.S. crystal, Fisher Scientific, Fair Lawn, NJ), was
chosen as the background electrolyte. The pH of solution was
unadjusted (5.6-5.8) for all experiments and the pH change in
oocyst suspension was minimal.

2.2. Oocyst characterization
The size and shape of the oocysts were examined from images

of the oocysts taken with an inverted microscope in phase
contrast mode (Leica Microsystems Inc., Bannockburn, IL).
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The lengths and the widths of the oocysts were measured
(n > 50) using an image analysis software (Image J, NIH), and
the equivalent radii and aspect ratios of the oocysts were
calculated. The average effective diameter was approximately
43 um and the shape of the oocysts was almost spherical
(aspect ratio ~1).

The zeta potential of the oocysts was determined at 25 °C
as a function of IS (0.1-100 mM) using a ZetaPALS analyzer
(Brookhaven Instruments Corporation, Holtsville, NY). The
analyzer measured electrophoretic mobility of oocysts and
converted to zeta potential based upon the Smoluchowski
equation. The measurements were conducted in triplicate for
each condition. The obtained oocyst zeta potential values
were used in the place of oocyst surface potentials to deter-
mine the interaction energies between sand and oocysts using
the DLVO theory. Surface potentials of quartz and Ottawa
sand were obtained from previous studies (Haznedaroglu
et al., 2009; Kim et al., 2009a). A value of 6.5 x 107! ] was used
as the Hamaker constant for the quartz-oocyst-water system
(Kuznar and Elimelech, 2006).

2.3. Oocyst enumeration

Oocyst samples were concentrated (factor of 10) via centrifu-
gation at 2000 x g for 15 min at 4 °C (Allegre™ 25R Centrifuge,
Beckman Coulter™). The concentrated sample was then placed
in a microvolume cell holder (50 pL volume) and the concen-
tration of oocysts was determined using a UV/vis spectropho-
tometer (Ultrospec 4000, Pharmacia Biotech Ltd., Cambridge,
UK) at 600 nm. All measurements were performed at least in
duplicate. This spectroscopic enumeration method was
compared with a direct count method using representative
samples. The direct count was carried out using a slightly
modified method from that reported by Bradford and Schijven
(2002). In brief, 0.1 mL of Aqua-glow fluorescein isothiocyanate
(FITC) monoclonal antibody (A400FLR-20x, Waterborne, Inc.,
New Orleans, LA), which was tenfold diluted in buffer (B100-20,
Waterborne, Inc.), was added into 1 mL of oocyst suspension to
stain the oocysts. The oocyst suspension with the staining
agent was gently mixed (Touch-mixer, Fisher Scientific) and
incubated (Low Temperature Incubator, Fisher Scientific) in the
dark for at least 45 min at 37 °C. After staining, the suspension
was washed twice with 1 mL of DI water via centrifugation
(2000 x g for 15min) (Allegre™ 25R Centrifuge, Beckman
Coulter™). A 10 pL aliquot of the suspension was then placed in
amicroscope well and air-dried in alaminar flow chamber. The
number of oocysts in the microscope well was counted at 100x
and/or 400x magnification using a Leica DM IRB epifluorescent
microscope (Leica Microsystems Inc., Bannockburn, IL 60015).
The oocysts were identified based upon size, shape, fluores-
cence, and comparison with positive controls. The concen-
tration was determined from the number of oocysts in the
microscope well, the stained suspension volume, and the
initial volume of the oocyst sample.

2.4. Porous media
Two types of porous medium were utilized as packing mate-

rials in this study: ultra-pure quartz sand (lota® quartz,
Unimin Corp., NC), denoted as quartz sand below, and

American Society for Testing and Materials 20/30 unground
silica sand (U.S. Silica, Ottawa, IL), denoted as Ottawa sand
below. The median grain size (dso) of quartz and Ottawa
sand were approximately 275 and 710 um, respectively. In
order to avoid the surface charge heterogeneity caused by any
residual metal oxide components and organic matter associ-
ated with the quartz and Ottawa sand, the sand was cleaned
with 12 N hydrochloric acid (Fisher Scientific) twice and kept
in acid overnight (Redman et al., 2004). The mixture was then
rinsed with DI water until the rinse water pH was equal to that
of the DI water. Prior to wet-packing the column the sand was
re-hydrated via boiling in DI water for at least 1 h. The gravi-
metrically measured bed porosity was determined to be ca.
0.46 and 0.33 for quartz and Ottawa media.

2.5. Batch tests

Batch experiments were conducted in triplicate to determine
the relative removal efficiency of oocysts in the absence of
pore structure at a given IS (Schijven and Hassanizadeh, 2000;
Torkzaban et al., 2006). These experiments were conducted
using Ottawa sand because it is the less pure SiO, of the two
sand types (more chemical heterogeneity) and should resultin
a greater amount of oocyst removal than the quartz. For batch
experiments, 5g of Ottawa sand and 10 mL of the oocyst
suspension (1 x 10° oocysts/mL) was placed into 20 mL scin-
tillation tubes with the temperature kept at approximately
25 °C. The experiments were carried out over the IS range of
0.1-100 mM. The suspension and sand were allowed to
equilibrate for 4 h by gently rotating the tubes side over side
(8 rpm) on a tube shaker (Labquake®, Branstead/Thermolyne,
Bubuque, IA). The initial and final concentrations of oocysts in
the suspension were determined based upon the method
described above. It should be noted that the oocyst revers-
ibility determined by this approach is operationally defined
and may vary with the amount of non-quantified energy
imparted to the system. However, the batch results still
provide valuable information on the relative capacity of
oocyst removal at different IS in the absence of pore structure.

2.6. Column experiments

An adjustable chromatography column (Omnifit, Boonton, NJ)
with a 1.5 cm inner diameter and a length of 10 cm was used for
transport experiments. Two superficial (Darcy) velocities were
employed in this study: 0.2 and 0.5 cm/min. Before initiating the
transport experiments more than 10 pore volumes (PV) of DI
water was pumped into the column by a peristaltic pump (Cole-
Parmer Instrument Company, Vernon Hills, IL), followed by at
least 10 PV of the desired electrolyte to equilibrate the inside
solution chemistry of the column. A pulse of oocyst suspension
at a concentration of 2 x 10° oocysts/mL was then injected into
the column for ca. 2.8 PV, followed by an oocyst-free electrolyte
solution until the absorbance value was close to background
levels. Effluent samples were collected using a fraction collector
(RTRVII, Isco Inc, Lincoln, NE) and the concentration of oocysts
was spectroscopically determined at a wavelength of 600 nm as
described above (Ultrospec 4000, Pharmacia Biotech (Biochrom)
Ltd.). In order to prevent oocysts from aggregating, the oocyst
suspension was mixed during injection (Automixer, Fisher
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Scientific). The degree of aggregation was evaluated by
measuring the optical density of the influent oocyst suspension
at 600 nm before and after the injection to the column. The
deviation was less than 3%, indicating that the aggregation of
oocysts in the suspension was minimal during the column
experiments. The experiments were conducted at room
temperature (25 °C).

The oocyst retention profile (RP) in the column, which
describes the distribution of retained oocysts along the length of
the column, was obtained after recovery of the breakthrough
curve (BTC). The profile for oocysts that were reversibly retained
in the column was obtained following a previously reported
protocol (Bradford et al., 2006; Kim et al., 2009a). Briefly, the
quartz/Ottawa sand was carefully excavated in 1 cm intervals
and placed into 50mL tubes (Fisher Scientific) containing
approximately 4 mL of electrolyte (same IS as the during the
column experiment). Water was held within the sand during the
dissection process by capillary forces. The sand and electrolyte
filled tubes were gently shaken, and the concentration of
reversibly retained oocysts in the excess electrolyte was deter-
mined using the spectroscopic method described above. To
determine the volume of the liquid and the mass of sand in each
tube, the tubes of sand were dried at 130 °Cin an oven (Model 40,
GC Lab oven, VWR, Batavia, IL) overnight. The total percentage
(Miota) of recovered oocysts was calculated as Mes + Mp;
+ Mg + Mgang. Here Megr, Mp;, and Mg; denote the percentage of
injected oocysts that were collected from the BTC during the
initial oocyst transport phase, the DI water flush, and the flow
interruption, respectively. The parameter Mganq represents the
percentage of injected oocysts recovered from column dissec-
tion. The validity of this approach was confirmed by the mass
balance results (ca. 75-112%).

2.7. Micromodel experiments

In order to better understand the retention mechanism of
oocysts under an unfavorable condition, a representative
transport experiment was conducted in a specially designed
micromodel packed with quartz sand. Detailed information
regarding the micromodel experimental protocol can be found
elsewhere (Bradford et al., 2006; Kim et al., 2009a). Briefly, the
micromodel consists of a glass chamber with an inside
dimension of 0.2 cm (D) x 2.0 cm (W) x 7.0 cm (L). Both ends of
the chamber were connected to glass tubes of 0.5 cm inside
diameter at an angle of about 45°. The quartz sand used in
micromodel experiments was wet-packed. Stainless steel
needles covered with a stainless steel mesh sheet (150 um
mesh size, McMaster-Carr Co., Aurora, OH), rubber stoppers,
and Teflon tubing were used to connect the inlet and outlet
sides of the chamber to a syringe pump (KD Scientific Inc.) and
a waste bottle, respectively. The oocysts suspension was
injected to the chamber at Darcy velocity of 0.2 cm/min for
about 3 PV, followed by electrolyte flushing for an additional
5PV. In order to examine the oocysts retained in the quartz
sand, the retained oocysts were stained by the following
procedure. Oocyst-free electrolyte, which included Aqua-glow
FITC monoclonal antibody (volume ratio of electrolyte to
Aqua-glow = 20:1), was flushed to the micromodel chamber.
The initial temperature of the electrolyte was 37 °C and the
flush duration was approximately 45 min in the dark. After

this procedure, oocyst-free electrolyte without antibody was
again flushed to the system for an additional 3PV. The
retained oocysts were microscopically examined using a Leica
DM IRB epifluorescent microscope (Leica Microsystems Inc.,
Bannockburn, IL 60015) which had a fluorescent filter set with
an excitation wave length of 480 nm and an emission wave-
length of 510 nm (maximum magnification of 600x). Images
were captured using the microscope connected to a video
monitor, a videocassette recorder, and computer system
under various intensities of both UV and visible light.

3. Results and discussion

3.1 Electrokinetic properties of Cryptosporidium
parvum oocysts and DLVO interaction energy calculations

Table 1 presents the measured zeta potential of Cryptospo-
ridium parvum oocysts as a function of IS. The zeta potential of
oocysts became less negative with increasing IS due to
compression of the electrical double layer (Elimelech et al.,
1995), and became nearly neural when the IS > 1 mM. The
DLVO interaction energy between oocysts and sand surfaces
was calculated as a function of IS using these zeta potential
values and the results for the height of the primary energy
barrier, depth of and separation distance at the secondary
energy minima are presented in Table 1. At IS=0.1mM an
insurmountable energy barrier to attachment in the primary
minimum was predicted between the oocysts and the two
types of surfaces (i.e., 1414 and 1080 kT for quartz and Ottawa
sands, respectively). Calculations indicated a significant
energy barrier (i.e., 120 kT) and a shallow secondary energy
minimum (i.e., 0.282 kT) for oocysts and quartz at IS = 1 mM.
In contrast, no energy barrier was predicted between oocysts
on quartz or Ottawa sand at IS = 100 mM.

3.2. Batch test results

The average oocyst removal efficiency was determined to be
17.2+7.1,44.5+4.8,32.3 £ 2.2, and 24.5 + 4.8% at IS of 0.1, 1,
10, and 100 mM, respectively, for the Ottawa sand. The
removal of oocysts under the condition of IS = 0.1 mM may be
due to the surface charge heterogeneity of oocysts (Tufenkji
et al.,, 2004; Tufenkji and Elimelech, 2005b). This possibility
will be further discussed in Section 3.4.1. Interestingly, the
maximum removal of oocysts occurred when the IS = 1 mM,
and the removal efficiency decreased with IS. Similar behavior
was reported by Kim et al. (2009b) for batch tests using
Escherichia coli 0157:H7, and this trend was attributed to elec-
trosteric repulsion due to the presence of macromolecules.
Fig. S1 shows a schematic illustration which compares the
total interaction energy with and without the presence of
repulsive steric interaction (Vsreric). Based upon the concep-
tual model, the observed discrepancy with IS from the batch
tests may be attributed to Vgrgric resulting from macromole-
cules on the oocyst surface which hinder oocyst attachment
in the primary minimum. Specifically, the approach of oocysts
to solid surfaces causes the macromolecule layers to be
compressed, leading to the subsequent squeeze-out of
solvents in the layers and consequently the repulsive
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Table 1 - Zeta potentials of oocysts and quartz/Ottawa sand as well as the DLVO interaction energy calculations® as
a function of IS.

Ionic Zeta potential (mV)® Depth of Separation distance Energy barrier
strength - 5 secondary to secondary (RT)
(mM) Oocysts Quartz Ottawa minimum® (kT) minimum well (nm)
0.1 -19.8 —68.2 0 NA 1414
—26.0 0 NA 1080
1 -5.9 -51.6 0.282 92 120
100 —6.6 -13.1 NAf NA NB&
-1.81 NA NA NB

a Including Born-repulsive energy.

b Values measured at unadjusted pH (5.6-5.8) and 25 °C.

c Values adapted from Kim et al. (2009a).

d Values adapted from Haznedaroglu et al. (2009).

e Values calculated within the separation distance of 250 nm.
f Not applicable.

g No energy barrier.

interaction force (Vsreric) between the two surfaces (Israel-
achivili, 1992; Hiemenz and Rajagopalan, 1997). This effect is
unaccounted for in the DLVO calculations (Vyaw + Vepr)-
Several studies have previously reported that surface macro-
molecules, which are present on the surface of oocysts, can
give rise to electrosteric repulsion between oocysts and
surfaces (Kuznar and Elimelech, 2005, 2006; Liu et al., 2009).

3.3. Observed transport and retention behavior of
oocysts

Oocyst transport and retention was investigated as a function
of IS (0.1, 1, and 100 mM), Darcy velocity (q = 0.2 and 0.5 cm/
min), and grain size (dsp = 275 and 710 pm) in the packed-bed
column. Each of these topics will be discussed separately
below. Fig. 1 presents oocyst BTCs in quartz (Figs. 1a,b) and
Ottawa sand (Fig. 1c) as a function of IS and q. Relevant system
parameters are provided in the figure caption. In this figure
the relative effluent concentrations (C/C,) are plotted as
function of PV. The corresponding oocyst RPs are shown in
Figs. 2a-c. In this case, the normalized concentration of
oocysts that were retained in the sand (N, Nio' g * sand; where
N, and Ny, are the number of retained oocysts and the total
number of injected oocysts, respectively) are plotted as
a function of dimensionless distance from the column inlet.
Relatively good mass balance was achieved in these experi-
ments (ca. 75-113%) and this information is summarized in
Table 2. The replicate test result for quartz sand (IS =1 mM
and q = 0.2 cm/min) is also presented in Table 2.

Figs. la—c indicate that increasing the IS led to more oocyst
retention in the quartz and Ottawa sands. A similar retention
trend with IS was observed at both q = 0.2 (Figs. 1a,c) and 0.5
(Figs. 1b,c) cm/min. The RPs shown in Figs. 2a,b are consistent
with information presented in the BTCs, in that increasing the
IS produced more oocyst retention. This behavior is qualita-
tively consistent with DLVO predictions of a decreasing
energy barrier to oocyst interaction with the sand with
increasing IS (Table 1).

The influence of velocity on oocyst transport in the column
packed with quartz sand can be deduced by comparing Figs.
la (@=0.2cm/min) and b (q=0.5cm/min) at a given IS.

Similar information is available for the Ottawa sand in Fig. 1c.
Greater oocyst transport occurred at the higher velocity
condition under which DLVO predictions indicated a signifi-
cant energy barrier to primary minimum interaction existing
and little or no secondary energy minimum (unfavorable
conditions). Specifically, at IS = 0.1 mM for g 0of 0.2 and 0.5 cm/
min, the value of Mg was 50.6 and 68.7% in quartz sand and
75.8 and 96.3% in Ottawa sand, respectively (Table 2). Simi-
larly, in quartz sand at IS = 1 mM the value of Mg Was 26.2
and 40.0% for q of 0.2 and 0.5cm/min, respectively. No
significant change was observed in the shape of RPs (Fig. 2)
with changing velocity under these conditions. The effect of
velocity on oocyst transport and retention was more compli-
cated when the IS =100 mM. This information will be dis-
cussed in detail in Section 3.4.3.

Fig. 1c shows oocyst BTCs as a function of IS (0.1 and
100 mM) and g (0.2 and 0.5 cm/min) when the column was
packed with Ottawa sand (dso = 710 pm). Comparison of Figs.
1c with a and b under similar IS and q conditions demon-
strates the influence of grain size on oocyst transport and
retention behavior. Overall, oocysts were transported in the
column packed with Ottawa sand (dsp = 710 um) to a greater
extend than in quartz sand (dso = 275 um) at a given IS and
velocity condition. Specifically, at IS = 0.1 mM and 0.2 cm/min
the value of Mg Was 75.8% in Ottawa sand and 50.6% in quartz
sand. When the IS = 100 mM and q = 0.2 cm/min the value of
Mesr was 14.6% in Ottawa sand and 1.1% in quartz sand.
Similar trends were observed for the BTCs obtained at
q = 0.5 cm/min, but in this case the effect of grain size on
oocyst transport was more pronounced. Specifically, at
IS = 0.1 mM and q = 0.5 cm/min the value of Mg was 96.3% in
Ottawa sand and 68.7% in quartz sand. When the IS = 100 mM
and q = 0.5 cm/min the value of Mg Was 50.9% in Ottawa sand
and 1.0% in quartz sand.

3.4. Oocyst retention mechanisms

The experimental results discussed above indicate that the
oocyst transport and retention behavior is very sensitive to IS,
velocity, and grain size. Below we discuss the critical roles of
low velocity regions, weak attractive interactions, and steric
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Pore Volume Pore Volume
c 1.0
0.8 —=— 0.1 mM, 0.2 cm/min
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--8-- 100 mM, 0.2 cm/min
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L
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0.0 —
0 2 4 6 8 10

Pore Volume

Fig. 1 - Oocyst breakthrough curves (BTCs) as a function of IS (0.1, 1, and 100 mM) at Darcy velocity (q) of (a) 0.2 cm/min and
(b) 0.5 cm/min in the column packed with quartz sand (dsp = 275 um). (c) Oocyst BTCs as a function of IS (0.1 and 100 mM)
and q (0.2 and 0.5 cm/min) in the column packed with Ottawa sand (dso = 710 um).

repulsion on oocyst retention. The relative importance of each
of these retention factors is demonstrated to depend on the
solution IS.

341. IS=0.1mM

Recent literature has demonstrated that low velocity regions
in porous media are very important for the retention of
colloids and biocolloids under unfavorable condition (e.g.,
Bradford et al., 2006; Li et al., 2006; Torkzaban et al., 2008;
Bradford et al., 2009). These low velocity regions occur as
a result of pore structure near grain-grain contacts, in small
pore spaces, and adjacent to surface roughness, and may also
be associated with flow vortices (Torkzaban et al., 2008). Tor-
que balance calculations indicate that such regions are
hydrodynamically favorable for retention (Torkzaban et al.,
2007, 2008), and our experimental results support this
concept. In particular, batch test results and DLVO calcula-
tions demonstrated that conditions were highly unfavorable
for oocyst retention at IS = 0.1 mM. Nevertheless, Fig. 1 and

Table 2 indicate that significant amounts of oocyst retention
occurred under these conditions (3.7-49.4%), and that the
oocyst retention increased with decreasing q and dso.

Fig. 3 shows illustrative micromodel images of the final
oocyst retention in the quartz sand when the IS = 0.1 mM and
q = 0.2 cm/min. The images demonstrate that the majority of
oocysts were retained in low velocity regions. In addition, the
reversibility of oocysts from the column experiments under this
condition further supports this hypothesis (Miotal = 84.9-
112.2%). The results at IS = 0.1 mM confirmed our DLVO calcu-
lations that indicated little potential for primary minimum
attachment of oocysts on sands under these conditions, and
indicates that charge heterogeneity likely played only a minor
role in oocyst retention under this condition.

An interesting finding from the column study is the
decrease in oocyst retention observed with increased velocity
under this otherwise “unfavorable” condition. Specifically,
a higher q (0.5 versus 0.2 cm/min) led to less oocyst retention
in the column, indicating that the oocyst retention in low
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Fig. 2 - Oocyst retention profiles (RPs) as a function of IS (0.1, 1, and 100 mM) at Darcy velocity (q) of (a) 0.2 cm/min and (b)
0.5 cm/min in the column packed with quartz sand (dso = 275 pm). (c) Oocyst RPs as a function of IS (0.1 and 100 mM) and q
(0.2 and 0.5 cm/min) in the column packed with Ottawa sand (dso = 710 pm). Note that the RP for the IS = 1 mM condition in
(a) was obtained after DI flush and flow interruption tests. The X-axis represents the normalized concentration of the
oocysts (the number of oocysts in each section of column, N,, divided by the total number injected into the column, N,,) per
gram of dry sand.

Table 2 — Mass balance results for oocysts obtained from column experiments.

Grain type Darcy Ionic n? Mesr Mcrr Mpr Mg Msand Miotal
velocity strength (%) (%)° (%) (%) (%) (%)
(cm/min) (mM)
Quartz (dso = 275 pm) 0.2 0.1 1.9 x 1072 50.6 39.5 87.8
1 26.2 16.8 26.3 429 112.2
19.4 72.2 91.6
100 1.1 0.3 77.4 78.5
0.5 0.1 1.1 x 1072 68.7 435 112.2
1 40.0 61.9 101.9
100 1.0 4.0 73.7 74.7
Ottawa (dsp = 710 pm) 0.2 0.1 1.5 x 1072 75.8 3.4 0.5 5.2 84.9
100 14.6 11.6 37.1 13.0 20.1 84.8
0.5 0.1 6.9 x 103 96.3 1.6 0.2 5.3 103.4
100 50.9 37.7 23.3 12.7 8.8 95.7

Metf, Mg1, Mp1, and Msang represent the amount of the oocysts recovered from the initial oocyst transport phase, flow interruption, DI flush, and
column dissection. M, M;, and Mp; were determined by integrating beneath the corresponding effluent concentration profile in Figs. 1 and 4.
Msana Was determined from the experimentally determined retention profile in Fig. 2. Moo represents the sum of all percentages (i.e., Megr, Mgy,
Mpy, and Msang)-

a Single collector contact efficiency calculated from TE model (Tufenkji and Elimelech, 2004).

b Predicted breakthrough values based upon the classic filtration theory (Yao et al., 1971).
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Fig. 3 - Images of oocysts retained in quartz sand. The
experiments were carried out at IS = 0.1 mM and Darcy
velocity of 0.2 cm/min. White dots denote the oocysts
retained in the column. The images were taken at two
different locations.

velocity regions was also dependent on the Darcy velocity.
Bradford et al. (2009) recently discussed how a ‘“dual perme-
ability model” may be used to investigate enhanced colloid
retention in such low velocity regions. This study demon-
strated that mass transfer between high and low velocity
regions (A and B regions in Fig. S2, respectively) within the
pore space and the relative differences in velocities within
these regions are critical factors that affect colloid retention
under unfavorable conditions. The dual permeability model
results they reported are consistent with our observations in
that increasing q led to a decrease in oocyst retention in either
sand under unfavorable (IS = 0.1 mM) conditions (Fig. 1).

3.4.2. IS=1mM

At IS =1 mM, DLVO calculations suggest a shallow secondary
energy minimum occurred between the oocysts and the
quartz sand. However, one could argue the secondary well
was not deep enough for oocysts to attach onto the quartz
surface (ca. 0.3 kT). These DLVO calculations were based on
measured values of zeta potential for oocysts and sand that

implicitly neglects nanoscale chemical heterogeneity and
surface roughness (considers only mean properties). Kozlova
and Santore (2006) reported that nanoscale chemical hetero-
geneity may enhance the adhesive interaction between two
surfaces, especially at a higher IS (Duffadar and Davis, 2008).
Hoek et al. (2003) showed that the presence of surface
roughness could reduce or enhance adhesive interactions
between two surfaces depending on the roughness and the
colloid size. The sand grains and oocysts used in this study are
known to have rough surfaces (Considine et al., 2001, 2002;
Tufenkji et al., 2004). Hence, the above information indicates
that weak attractive interactions may occur at IS = 1 mM due
to a combination of secondary energy minimum, nanoscale
chemical heterogeneity, and surface roughness.

Inorder tobetter examine the contribution of weak attractive
interactions to oocyst retention, an additional experiment was
conducted. Specifically, after recovery of the BTC in the quartz
sand when the IS=1mM and q = 0.2 cm/min, DI water was
flushed through the column followed by a flow interruption of
12 h, and subsequently DI water, all at the same rate (g = 0.2 cm/
min). Fig. 4a and Table 2 show the results of the DI flush and flow
interruption. By switching to DI water, those oocysts retained by
weak attractive interactions at IS = 1 mM should be released,
and indeed this step resulted in approximately 16.8% of the
oocysts eluting. In addition, flow interruption results indicated
that 26.3% of the total oocysts were released from the column
and Mgang = 42.9%. These results demonstrate the importance
of low velocity regions for oocyst retention in the column when
the IS was 1 mM. Mass balance results at low and high velocity
conditions (i.e., Mg + Msana = 69.2 and 61.9% at q of 0.2 and
0.5 cm/min, respectively) also support this hypothesis.

3.4.3. IS=100 mM

DLVO calculations presented in Table 1 indicate that the
interaction condition between oocysts and sand surfaces is
favorable at IS=100mM. Conversely, results from batch
experiments indicate that oocysts retention decreased with
increasing IS and that only a relatively small fraction of the
oocysts were retained at IS = 100 mM (ca. 24.5 + 4.8%). These
observations were attributed to reversible oocyst-sand inter-
action due to steric repulsion of oocyst surface macromole-
cules (Kuznar and Elimelech, 2006; Liu et al., 2009). Additional
evidence for and implications of steric repulsion of oocysts in
the column experiments will be provided below.

CFT theory is commonly employed to predict colloid
transport in porous media under favorable attachment
conditions (e.g., IS = 100 mM). Predicted values of the collector
efficiency (n) from CFT (Tufenkji and Elimelech, 2004) are
provided in Table 2. CFT predicts that increasing velocity and
dso will produce a lower value of 5 and less oocyst retention.
No apparent velocity dependence was observed in the oocyst
BTCs for quartz sand at IS = 100 mM (Figs. 1a,b). The observed
oocyst breakthroughs are similar with the predicted values
from the CFT (Mefr = 1.1% and Mcpr = 0.3% at g = 0.2 cm/min,
and Megr = 1.0% and Mcpr = 4.0% at ¢ = 0.5 cm/min in Table 2).
However, the experimentally determined oocyst RPs show
a deviation from the exponential prediction of CFT (goodness
of fitting, r* =0.674 and 0.664 for q of 0.2 and 0.5 cm/min,
respectively). This observation indicates that other mecha-
nisms, which classic theories (CFT and DLVO theories) do not
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Fig. 4 - Oocyst elution curves by DI flush and flow
interruption. The experimental conditions are as follows:
(a) Darcy velocity (q) of 0.2 cm/min, IS = 1 mM, grain type/
size = quartz/275 ym; (b) q = 0.2 and 0.5 cm/min, IS = 0.1
and 100 mM, grain type/size = Ottawa/710 pm. Note that
the starting position of DI flush and flow interruption for
IS = 0.1 mM conditions were not indicated in (b) since the
released amount was negligible.

account for, are likely involved in oocyst retention. In
contrast, a velocity dependence was observed in the BTC
results for the Ottawa sand at IS = 100 mM (when q was 0.2
and 0.5 cm/min the value of Mg was 14.6 and 50.9%, respec-
tively). Hence, the observed velocity effect at IS = 100 mM was
apparently coupled with the grain size. Further comparison of
BTCs with the CFT prediction suggests that the experimen-
tally observed oocyst breakthroughs at two velocity condi-
tions were greater than the predicted values (Mess = 14.6% and
Mcpr=11.6% at q=0.2cm/min, and Meg="50.9% and
Mcpr =37.7% at q=0.5cm/min in Table 2). The difference
between experimentally determined and predicted values
was more pronounced at the higher velocity. Furthermore, the
column mass balance information indicated that the oocysts
were reversibly retained (74.7-95.7% total recovery). All of
these factors support our hypothesis that weak interactions
occurred under these conditions as a result of steric repulsion
of oocyst surface macromolecules.

In order to further test this hypothesis, experiments were
carried out as follows: after recovery of the BTCs

(IS = 100 mM), additional DI water flushing and flow inter-
ruption (> 12 h) experiments were carried out in Ottawa sand
at two different velocities (@ =0.2 and 0.5 cm/min) (Fig. 4b).
The results clearly indicated that a weak attractive interaction
existed between the Ottawa sand and oocysts, and this
interaction was sensitive to changing IS and velocity (37.1 and
23.3% oocyst elution during DI flush when q = 0.2 and 0.5 cm/
min, respectively). DLVO calculations indicate that this weak
interaction is unlikely due to a secondary energy minimum
interaction. Rather, steric repulsion appears to be the more
logical explanation of the weak interaction under favorable
(DLVO) conditions. The flow interruption (13.0 and 12.7%
oocyst release from the column for low and high velocity,
respectively) and Mgang (20.1 and 8.8% oocyst recovery at low
and high velocity, respectively) results (Table 2) indicate
a reversible interaction that is also associated with low
velocity regions. This trend, the discrepancy between the
observed oocyst transport and the theoretical prediction in
Ottawa sand at IS =100mM (Fig. 1c and Table 2), and the
relatively uniform distribution of the RPs with column depth
atIS = 100 mM for quartz sand (Figs. 2a,b) may be attributed to
differences in mass transfer and torque balance between low
and high velocity regions (Fig. S2) as described in earlier
sections. In particular, oocysts that are weakly associated with
sand by steric repulsion may slowly translate along with the
sand surface to lower velocity regions that are hydrodynam-
ically favorable for retention or detach from the surface due to
the hydrodynamic drag force (Bradford et al., 2007; Kuznar
and Elimelech, 2007; Torkzaban et al., 2007, 2008). In fact, the
mass balance information for Ottawa sand (Table 2) indicates
that a significant amount of oocysts were retained in the low
velocity regions (Mg + Mgana = 33.1 and 21.5% for 0.2 and
0.5 cm/min, respectively).

4, Conclusions

The coupled role of solution IS, Darcy velocity, and grain size
on oocyst transport and retention was investigated in satu-
rated packed-bed column. The results showed that oocyst
retention is a complex process that is very sensitive to solu-
tion IS, velocity, and grain size. Two important findings were
obtained from this study. First, the extent of oocyst retention
in saturated porous media varied with velocity under unfa-
vorable conditions. Specifically, the oocyst retention
increased with decreasing velocity due to increasing mass
transfer from the liquid to the solid phase or from high to low
velocity regions. Another notable observation was reversible
retention of oocysts under conditions, which DLVO theory
predicts to be favorable for irreversible attachment of oocysts
to sand surfaces. These trends were attributed to weak
interactions of oocysts to the sand surface by steric repulsion
due to the presence of oocyst surface macromolecules. Find-
ings from this study demonstrate the potential limitations of
classic theories (CFT and DLVO theories) in quantifying the
transport and retention mechanisms of oocysts. Furthermore,
caution is warranted when estimating the travel distance of
oocysts in soil and aquifer environments under chemically
favorable conditions.
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